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Abstract
Schultesia nitor is a gregarious species living in Cacicus and Psarocolius ssp. pouch-
like nests. Due to gregariousness, opportunities for multiple copulations in both
sexes are not supposed to be restricted. Females produce only one brood during their
life and die within a few days following the birth of their nymphs, but this unique
brood could be the result of either single or multiple mating events (i.e., monandry
vs. polyandry). In this study, we first determined the age of sexual receptivity of
both males and females. Larval development in this species is shorter in males than
in females and thus, this species is protandric. Males were not able to copulate the
day after emergence. Contrary to males, teneral females (i.e., females achieving their
imaginal molt but not yet fully sclerotised and colored) were attractive and were able
to mate with males. In the second experiment, we tested the existence of multiple
matings in both sexes. Our results showed that females were monandrous whereas
males were polygynous. Since we had observed that females were monoandrous,
we expected them to be choosy and we determined their ability to discriminate
between virgin and nonvirgin males. When given the choice, females preferred
virgin males and overall, they were more successful at mating than experienced
ones. Our results suggest that monandry may be primarily driven by the female’s
short life-span fecundity. The occurrence of teneral mating in this species calls into
question the existence of a male strategy for monopolizing females, and as well as
the implication of female choice. Although further work is required, this species
provides an interesting model for understanding sexual conflicts.
Introduction
Due to anisogamy, females are considered as being the limit-
ing sex whereas males compete to access reproduction. Dif-
ferential investment of both sexes in reproduction usually
results in divergent fitness interests, thus generating sexual
conflicts (Stockley 1997; Chapman et al. 2003; Arnqvist and
Rowe 2005; Wedell et al. 2006; Hosken et al. 2009).
In females, although one or few matings are sufficient
enough to fertilize all their ovocytes, female multiple mating
occurs in many species (Jennions and Petrie 2000; Zeh and
Zeh 2001). It was shown that females maximize their fitness
through this strategy (Arnqvist and Nilsson 2000; Hosken
and Stockley 2003). For example, females can gain genetic
benefits for their offspring by remating (Yasui 1998). How-
ever, multiple mating can also be detrimental to female fit-
ness in increasing time and energy costs, predation rates,
physical injuries, and parasite transmission probabilities
(Arnqvist and Nilsson 2000, and references therein). In-
versely, males performed multiple mating to increase their
fitness. However, males multiplying copulations can also suf-
fer a cost associated with sperm replenishment and thus,
multiple copulations can reduce their life span (Dewsbury
1982; Wedell et al. 2002a; Oliver and Cordero 2009). To re-
duce such costs, males can limit the size of their ejaculate but
consequently, females can experience sperm limitation if they
are not able to remate (Wedell et al. 2002a). For example, fe-
males in Nauphoeta cinerea (Blattaria: Blaberidae) are able to
discriminate between males based on their previous mating
experience in order to limit costs associated with mating with
sperm-depleted males (Harris and Moore 2005).
Basically, mating rates often appear to be below the op-
timal mating rate for females due to male manipulation of
female mating behavior, that is, sexual conflicts (Arnqvist
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and Nilsson 2000). Males can ensure mating by adopting
several strategies (Wedell et al. 2006) by providing benefits
to females and offspring, by exploiting female sensory bias
through seduction, or by making mating less costly than resis-
tance. Therefore, balance between one, few, or many matings
depends mainly on the trade-off between the benefits and
costs associated with mating a female could expect. These
trade-offs also involve other traits like survival or dispersal
(Stearns 1976, 1989, 2000; Nylin and Gotthard 1998; Gasser
et al. 2000; Braby 2002; Hernaman and Munday 2005). For
example, reduced adult survival is balanced by earlier repro-
duction attempts and faster development to reach maturity
(Gasser et al. 2000; Haugen 2000). In insects, female mating
rates have also been shown to be influenced by factors which
directly affect costs and benefits of multiple matings, such
as food availability and quality (Gwynne 1990; Rowe et al.
1996; Torres-Vila et al. 2005; Fox and Moya-Laran˜o 2009),
or habitats (Corley and Fjerdingstad, 2011; El-Niweiri and
Moritz 2011). For example, in Lasius niger (Hymenoptera:
Formicidae), queens in southern Europe perform multiple
matings whereas queens from northern regions mate only
once, southern regions being biotically richer than north-
ern ones (Gaston 2000; Corley and Fjerdingstad 2011). In
Apis mellifera jemenitica (Hymenoptera: Apidae), queen mat-
ing frequencies are negatively correlated with rainfalls (El-
Niweiri and Moritz 2011).
Among the gradient of mating rates, only one mating
during its lifetime (i.e., monandry) is considered as a fe-
male strategy, rare in insects (Arnqvist and Nilsson 2000;
Hosken et al. 2009). This mating system is widespread in
eusocial and parasitic solitary Hymenopteran (Ridley 1993;
Boomsma and Ratnieks 1996; Strassmann 2001; Kronauer
et al. 2011), but it has also been reported in several Dipteran
(Gillies 1956; Goma 1963; Mahmood and Reisen 1980; Reisen
et al. 1984; Yuval and Fritz 1994; Jones 2001; South and Arn-
qvist 2008), Lepidopteran (Sva¨rd and Wiklund 1989; Wedell
et al. 2002b), and Blattodean (Livingstone and Ramani 1978;
Moore and Moore 2001; Jayakumar et al. 2002; Lihoreau and
Rivault 2010). Although monandry in social Hymenopteran
has been determined to advantage the evolution of eusociality
(Strassmann 2001), single mating is poorly understood in
other species in regards to the benefits provided by multiple
matings (Arnqvist and Nilsson 2000; Wiklund et al. 2001;
Wedell et al. 2002b). Nevertheless, several hypotheses have
been proposed. First, monandry can be maintained in popu-
lations through male enforcement by controlling female re-
mating behaviors if it gains fitness benefit from female unique
mating (see Hosken et al. 2009 for a review). For example,
males can transfer mating plugs with antiaphrodisiac com-
pounds during copulation which render females unattractive
for other potential partners (e.g., Pieris species, Lepidoptera:
Pieridae; Andersson et al. 2000, 2003, 2004), or they can
induce nonreceptivity through mechanical processes during
Figure 1. Male (left) and female (right) Schultesia nitor.
copulation (e.g., N. cinerea; Roth 1962, 1964a). Monandry
can also arise from abiotic constraints. In Pieris napi for in-
stance, females exhibit two mating strategies: they can either
be polyandrous or monandrous. Although these differences
are under genetic control (Wedell et al. 2002b), monandry
in this species has been shown to be selected in populations
facing unfavorable weather conditions (Va¨lima¨ki et al. 2006).
Whatever the origins of monandry, this mating system im-
plies a limited availability of receptive females. The ability of
males to find potential partners will thus depend on female
distribution in space and time (Emlen and Oring 1977). The
spatial distribution of females can be modulated by their de-
gree of sociality: social behavior (aggregation) favoring mate
encounters (e.g., Blattella germanica, Blattaria: Blattelliidae;
Wileyto et al. 1984). For the temporal distribution of fe-
males, in insects, males often emerge before females (i.e.,
protandry; Morbey and Ydenberg 2001). Although its adap-
tive significance is still debated (Rhainds 2010), one hypoth-
esis to explain protandry is the mating opportunities hypoth-
esis, in which polygynous males gain in being mature before
females, particularly if females mate only once during their
lifetime and if opportunities for finding a mate are not limited
(Zonneveld and Metz 1991). Protandry is also more suscepti-
ble to occur when mating with virgin females is advantageous
for males (Wedell 1992).
Schultesia nitor (Blaberidae: Zetoborinae, Grandcolas
1991; Fig. 1) is one of the two South American cockroach
species belonging to the Schultesia genus with S. lampyrid-
iformis (Roth 1973). In both cases, these species are strictly
c© 2012 The Authors. Ecology and Evolution published by Blackwell Publishing Ltd. 1427
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restricted to patchy habitats (Cacique bird’s—Cacicus and
Psarocolius ssp.—pouch-like nests; Roth 1973; van Baaren
et al. 2002). Larval development in this species is achieved in
five to seven molts in males, and six to nine molts in females,
supposing the occurrence of protandry. This is a gregari-
ous cockroach: all individuals live in the same habitat and
gregariousness tends to increase with age (Grandcolas 1993;
van Baaren and Deleporte 2001; van Baaren et al. 2002, 2007).
S. nitor females do not provide parental care to young nymphs
as they disperse just after birth due to the mother’s aggressive-
ness (van Baaren et al. 2007) contrary to N. cinerea females
which protect nymphs during their first instar (Moore and
Moore 2001). Thus, maternal care is not a limiting factor for
producing many broods during their lifetime, except if there
is a refractory period (during pregnancy and after mating),
a rather common phenomenon among cockroaches (Ringo
1996). Nevertheless, females produce only one brood dur-
ing their life span. After nymphs are born, most females die
within 15 days (J. van Baaren, unpubl. data).
Due to these specific characteristics, several predictions
on S. nitor sexual behavior can be formulated. First, males
are supposed to be mature before females and soon after
their emergence. Thus, we determined sexual receptivity of
both males and females S. nitor in the days following the
imaginal molt to verify if protandry occurred. Second, we do
not know if the single brood the females produced means
that they mate only once or several times, and then store
sperm from different males, which could potentially imply
sperm competition (e.g., N. cinerea; Moore et al. 2001, 2003).
To verify this prediction, we tested both males and females
acceptance for remating. Third, if females were proved to
mate only once (monandry), their ability to discriminate vir-
gin (nondepleted males) from nonvirgin (depleted) males
should be advantageous to maximize the number of fertil-
ized eggs. Although gregariousness increases potential op-
portunities for mating, if female S. nitor proves to be mo-
nandrous, gregariousness would also increase male–male
competition. Thus, we suspect the existence of male strat-
egy for mating with virgin females. In the context of an
unpredictable habitat, we expected that traits involved in
S. nitor reproduction could differ from those exhibited by
cockroach species living in more predictable habitats, like
N. cinerea.
Material and Methods
Origin of the laboratory population
Individuals involved in the following experiments (realized in
2004) were caught in 1998 in French Guyana (Counamama,
GPS: 05◦27′11.6′′ N 053◦08′30.4′′ W). They were reared in a
laboratory at 26 ± 1C in 12L: 12D photoperiod in large boxes
containing hundreds of individuals. Food (dry dog food) and
water were given ad libitum.
Schultesia nitor courtship behavior
In cockroaches, courtship behavior has been extensively de-
scribed in different species (Roth and Willis 1952, 1954).
According to preliminary observations, courtship behavior
in S. nitor corresponds to this behavioral sequence exhibited
by B. germanica, for example (Roth and Willis 1952). Male
courtship behavior consists of wing raising to uncover ter-
gal glands, facing away from the female’s head. The female
mounts on the male’s back to lick tergal gland secretions
while the male attempts to clasp the female’s genitalia. Once
the genitalia are clasped, the male and the female stay end-
to-end until copulation terminates. Copulation durations in
S. nitor were about 2–3 h long (range 1–24 h).
Experimental design
Schultesia nitor larval development is achieved in five to seven
molts in males, and six to nine molts in females. Two instar
nymphs were regularly collected from rearing boxes and iso-
lated in sex-specific boxes (same conditions as rearing boxes)
to avoid potential copulation. Every day, imagos were checked
and isolated in sex- and age-specific boxes. Ages were there-
fore based on the delay after emergence (e.g., 0 for teneral
individuals [newly emerged, not yet fully sclerotised and
melanized], and 1 for adults having achieved their ecdysis
the day before). As this species is more active at nightfall
and does not detect red light (Barth 1964; Deleporte 1988),
experiments were done using red light.
Age of sexual maturity in males and females
To evaluate sexual maturity and variations in attractiveness,
one virgin individual was tested with one virgin mature indi-
vidual of the opposite sex in a petri dish (diameter= 140 mm,
height= 20 mm) for 10 min. Four groups of individuals were
tested: (1) consisted of female adults from teneral to 10 days
old, paired with virgin males on average 7 days old (range
5–15 days); (2) male adults from 1 to 10 days old, paired
with virgin females on average 7 days old (range 5–10 days);
(3) adult females over 15 days old (range 15–21), paired with
virgin males on average 7 days old (range 5-15 days); and
(4) adult males over 15 day old (range 15–21), paired with
virgin females on average 7 days old (range 5–10 days). For
most of the trials, at least 10 pairs of different individuals
were tested (see Table 1 for sample size).
To determine if the individuals being tested were sexu-
ally mature and attractive, different patterns were recorded
according to the sex of the individual. For males, their ca-
pacity to produce courtship behavior was used to determine
whether the individual was sexually mature or not. Copula-
tion was not used here as it also depended on females. Other
parameters were recorded to assess variation in attractiveness
and motivation: (1) latency of courtship behavior (defined
as the delay between the first contact and the first courtship
1428 c© 2012 The Authors. Ecology and Evolution published by Blackwell Publishing Ltd.
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Table 1. Trial summaries for virgin male and female Schultesia nitor.
Males Females
Age N Pdcb (±SE) Cl (range) Ncd (range) N Pdcb (±SE) Pfma Ml (range) Nma
0 - - - - 7 0.57 ± 0.18 0.50 ± 0.35 51–81 0
1 10 0.00 ± 0.00 - - 21 0.29 ± 0.10 0.17 ± 0.38 318 0
2 10 0.80 ± 0.13 11–271 0–11 15 0.27 ± 0.11 0.00 ± 0.00 - -
3 10 0.80 ± 0.13 26–311 0–28 13 0.08 ± 0.07 1.00 ± 0.00 120 -
4 10 0.80 ± 0.13 8–378 0–22 11 0.18 ± 0.12 0.50 ± 0.50 345 0–4
5 10 0.70 ± 0.14 17–42 0–24 11 0.45 ± 0.15 0.80 ± 0.20 16–224 0–9
6 10 0.80 ± 0.13 7–148 0–43 11 0.45 ± 0.15 0.60 ± 0.28 68–447 0–4
7 11 0.45 ± 0.15 18–173 0–31 14 0.57 ± 0.13 0.63 ± 0.22 39–368 0–4
8 11 0.82 ± 0.12 2–201 0–26 14 0.43 ± 0.13 0.50 ± 0.29 20–110 0–6
9 10 0.60 ± 0.15 0–158 0–40 11 0.54 ± 0.15 0.83 ± 0.17 68–390 0–1
10 10 0.60 ± 0.15 8–231 0–35 13 0.85 ± 0.10 0.91 ± 0.09 10–359 0–3
+15 9 0.89 ± 0.10 3–80 1–5 12 0.17 ± 0.11 1.00 ± 0.00 15–35 0
Age in days postemergence. N, total number of trials; Pdcb, proportion of trials where males displayed courtship behavior (±SE); Cl, courtship
latency(s); Ncd, number of courtship displays; Pfma, proportion of females accepting to mate over trials with males displaying courtship behavior
(±SE); Ml, mating latency (s); Nma, number of mating attempts.
behavior), and (2) number of courtship events. For females,
we only considered trials in which males displayed courtship
behavior. We only recorded the latency to mate.
Capacity for multiple copulations
To evaluate the ability for multiple copulations for both sexes,
mature virgin individuals (females five to 10 days old and
males five to 15 days old) were presented to individuals which
had previously mated (see Table 2 for details about sample
size and age). We chose to test two delays after the first mating
(1) 24 h to account for possible sperm depletion and (2) three
weeks to be sure that males were sperm replenished. In the
lobster cockroach (N. cinerea), for example, Montrose et al.
(2004) demonstrated that males which had mated within
24 h were sperm depleted compared with those which had
a five-day recovery time between two copulations and pro-
duced less offspring than virgin ones. For males, we recorded
the proportion of males displaying courtship behavior. For
females, we only recorded mating acceptance.
Discrimination between virgin and
nonvirgin males
Because our experiment on the capacity of multiple copula-
tions showed that females accepted to mate only once (see
Results), the ability to discriminate between mated and un-
mated (virgin) males was tested by confronting virgin females
with one mated and one virgin male. Three different series of
trials involving one mature virgin female (five to 10 days old)
and two males (five to 15 days old) were completed: (1) two
virgin males (VV), (2) one virgin male and one previously
mated within 24 h (VM), and (3) two previously mated males
within 24 h (MM). One male per trial was marked (accord-
ing to their status) allowing us to identify them during the
experiment. Different parameters were recorded as follows:
(1) which male met the female first to evaluate if encounter
order could have an effect on mate choice, (2) which male
displayed courtship behavior, (3) which male mated with the
female, and (4) the number of courtship events.
Statistical analyses
Chi-square tests (or Fisher’s exact test if sample size was be-
low five individuals) were used to compare the proportion
of: male courtship behavior and female mating between ages,
female mating between the Capacity for multiple copulations
and the Determination of sexual maturity experiment, suc-
cessful males between both virgin and nonvirgin ones, and
successful males between the first and the second ones to
encounter the female. Binomial tests were used to compare
the effect of encounter and courtship display order on mat-
ing success in the Discrimination between virgin and nonvirgin
males experiment. Two-tailed nonparametric Wilcoxon rank-
sum tests were used to compare latencies and the number of
courtship events between two ages and linear regressions for
variation among more than two consecutive ages. For the
latter, variables were square root-transformed to respect the
assumptions of the model. Medians were presented with their
first and third inter-quartiles and proportions with their stan-
dard errors (se = √(pq/n); with p the proportion, q = 1 –
p and n the sample size; Crawley 2007). All statistical treat-
ments were done with R software (v. 2.10.1 R Development
Core Team 2008) implemented with the nlme package for the
linear regression.
c© 2012 The Authors. Ecology and Evolution published by Blackwell Publishing Ltd. 1429
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Figure 2. Variation in male courtship latencies according to their age.
Dotted line represents linear regression.
Results
Age of sexual maturity in males and females
Male sexual maturity
Male courtship behavior depended on age (Chi-square test:
χ
2
9 = 25.59, P < 0.01; Table 1), due to the fact that at day 1
after emergence, no male displayed courtship behavior con-
trary to the following days (Chi-square test: χ21 = 10.21, P <
0.01). For two- to 10-day-old males, the proportion of males
displaying courtship behavior was homogenous (Chi-square
test: χ28 = 6.81, P = 0.56) with more than 45% of males
displaying courtship behavior.
A decrease in courtship latency was observed over the
10 days after emergence (Linear regression: R2 = 0.06, F1,63 =
5.40, P < 0.05; Fig. 2), but the overall number of displays did
not vary (Linear regression: R2 = –0.003, F1,90 = 0.67, P =
0.42). No difference between 10 and more than 15-day-old
males was detected for the proportions of males displaying
courtship behavior among trials (Chi-square test: χ21 = 0.82,
P = 0.36; Table 1), or in courtship latency or in number of
display (Wilcoxon rank-sum test, respectively: U = 20.5, N =
73, P = 0.70; U = 38, N = 73, P = 0.89; Table 1). In sum-
mary, one-day-old males were not able to display courtship
behavior. After the first day, courtship latency decreased but
not the number of courtship displays.
Female sexual maturity
Overall, the proportion of females accepting to mate was
homogenous (Chi-square test: χ29 = 5.60, P = 0.78; Table 1).
No variation in mating latency was observed (Linear regres-
sion: R2 = –0.01, F1,31 = 0.55, P = 0.46). Teneral females
did not mate significantly more than one-day-old females
(Chi-square test: χ21 = 0.02, P = 0.88; Table 1). No differ-
ence was observed between 10- and 15-day-old females for
mating (Chi-square test:χ21 = 0.01, P = 0.90; Table 1). How-
ever, for the ones who accepted to mate, mating happened
more quickly than in 10-day-old females (mating latencies—
first < median < third quartile: 10-day-old females: 68 <
111.5 < 285.5 sec; 15-day-old females: 20 < 25 < 30 sec;
Wilcoxon rank-sum test: U = 62, N = 35, P < 0.05). In con-
clusion, one- to 21-day-old females were able to mate, but
the 15-day-old ones tended to mate more quickly than their
younger counterparts.
Capacity for multiple copulations
Males having previously mated within 24 h or three weeks
were able to mate de novo in more than 80% of trials (Table 2).
There was no difference in the proportion of males displaying
courtship behavior between males mated within 24 h and
males mated within three weeks (Chi-square test: χ21 = 0.02,
P = 0.89). In females, males displayed courtship behavior in
only 60% of the trials (Table 2), but there was no difference
between females mated within 24 h and females mated within
three weeks (Chi-square test: χ21 = 1.50, P = 0.22). Contrary
to males, females never mated again (Table 2). Globally, male
mating success was not affected by their mating status, and
they were thus willing to multiply copulations even if they had
Table 2. Trial summaries for Capacity to multiply copulations experiment in male and female Schultesia nitor.
Previously mated individuals Virgin individuals
Sex Age Sex Age D N Pdcb Pfma
Males 5–15 Females 5–10 24 h 14 0.93 ± 0.07 0.92 ± 0.07
4 weeks Females 5–10 3 weeks 12 0.92 ± 0.08 1.00 ± 0.00
Females 5–10 Males 5–15 24 h 10 0.60 ± 0.15 0.00 ± 0.00
4 weeks Males 5–15 3 weeks 9 0.22 ± 0.14 0.00 ± 0.00
D, delay between first mating and trial (24 h or 3 weeks); N, total number of trials; Pdcb, proportion of trials where males displayed courtship behavior
(±SE); Pfma, proportion of females accepting to mate over trials with males displaying courtship behavior (±SE).
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Table 3. Trial summaries for Competition between males experiment in
Schultesia nitor.
Trials N Na N2 Na2 First male mate
VV 11 0.91 ± 0.08 0.45 ± 0.15 0.80 ± 0.18 0.25 ± 0.22
VM 14 0.86 ± 0.09 0.29 ± 0.12 1.00 ± 0.00 0.50 ± 0.25
MM 13 0.92 ± 0.07 0.38 ± 0.13 1.00 ± 0.00 0.60 ± 0.22
Trials, two virgin males (VV), one virgin male and one previously mated
(VM), and two previously mated males (MM); N, total number of trials;
Na, proportion of trials with copulation (±SE); N2, proportion of trials
where two males displayed courtship behavior (±SE); Na2, proportion
of copulations in trials involving two males which displayed courtship
behavior. First male mate: proportion of trials Na2 where the first male
to encounter the female mate with it (±SE).
already copulated with a female. Results of this experiment
for females confirmed previous observations that they do not
accept to mate more than once.
Discrimination between virgin and
nonvirgin males
Over the three different series of trials, not all the females ac-
cepted to mate (Table 3) but female acceptance for mating was
equivalent in all trials (Chi-square test: χ22 = 0.19, P = 0.91).
However, in most trials, only one male displayed courtship
behavior (Table 3). If we only considered trials in which both
males displayed courtship behavior, the encounter order had
no effect (Binomial test: VV, P = 0.12; MM, P = 0.62; and
VM, P = 1) or globally (P = 0.09). In trials involving virgin
against mated males (VM) with only one male displaying
courtship behavior, 70% of them were virgin (Binomial test:
P = 0.35) and most of trials were concluded by copulation
without differences between virgin and mated males (Chi-
square test: χ21 = 0.03, P = 0.86). In the case of both males
displaying courtship behavior, females always mated with the
virgin one (Fisher’s exact test: P < 0.05). Over the three se-
ries of trials, successful males did not display more courtship
behavior than unsuccessful ones (Wilcoxon rank-sum test:
U = 86, N = 28, P = 0.61). Virgin males displayed more
courtship behavior than nonvirgin ones (courtship events—
first < median < third quartile: virgin males: 3.25 < 5.00 <
7.75; nonvirgin males: 1.25 < 3.50 < 4.75; Wilcoxon rank-
sum test: U = 54.50, N = 28, P < 0.05). In conclusion,
encounter order was of no importance. Although results did
not seem to indicate strong competition between males of
different reproductive status, females preferred virgins over
mated males.
Discussion
Schultesia nitor males began to display courtship behavior
two days after their emergence. During the following days,
courtship latency was stable but the number of courtship
displays decreased. In females, tenerals were attractive and
were able to mate with males. During the following cou-
ple of days, males were less attracted by females, but over-
all, females were receptive from their emergence to more
than three weeks, but they never accepted to remate. Fe-
males over 15 days old accepted to mate more quickly than
younger ones. Males were able to multiply copulations within
24 h, which indicated that there was no refractory period,
or if so, it is less than 24 h. Males were also able to mul-
tiply copulation after three weeks of delay. When given
the choice, females preferred virgin males and overall, vir-
gin males were more successful at mating than nonvirgin
ones.
Capacity for multiple copulations:
polygynous males and monandrous females,
a classical scheme among cockroaches
As in most cockroach species (Bell et al. 2007), males
S. nitor can remate once (present data) and up to 18 times
(J. van Baaren, unpubl. data.) whereas females accepted to
mate only once and became unreceptive after mating, exclud-
ing potential sperm competition. Cockroach mating systems
have been studied regarding females’ sexual behavior, which
displayed all possibilities from strict monandry to polyandry
(Bell et al. 2007). Nevertheless, such classification is mainly
the result of field or punctual observations rather than the
results of sexual selection studies, limiting potential compar-
isons with others species. Principally two species have been
well studied in a sexual selection context: B. germanica and N.
cinerea. In both species, some females are able to remate, but
most of them mate only once during their life (Cochran 1979;
Schal et al. 1984; Moore and Moore 2001; Moore et al. 2003;
Lihoreau and Rivault 2010). In N. cinerea, mechanical stim-
ulus, due to the insertion of male spermatophore in female
genitalia during copulation, inhibits female courtship feeding
behavior which is an essential pattern of the mating process
in cockroach species (Cornwell 1968; Roth 1969). Conse-
quently, females become unreceptive (Roth 1962, 1964a) and
regain receptivity after parturition for only one to two days
(Roth 1962, 1964a, b). Female S. nitor were not receptive dur-
ing their pregnancy. Although we cannot exclude that they
regain receptivity after parturition, most of them die within a
few days after their nymphs are born, limiting opportunities
for remating and producing another clutch. Consequently,
female S. nitor mate only once and are thus a monandrous
species. Nonetheless, mechanisms leading to the absence of
remating in S. nitor should be investigated, particularly to
test if males are able to manipulate females. As a result of mo-
nandry, females have only one attempt to fertilize all of their
ovocytes. Thus, their ability for discriminating between vir-
gin and nonvirgin males to avoid potential sperm limitation
is of particular interest.
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Discrimination between virgin and
nonvirgin males: female preference versus
male motivation?
In the experiments, females preferred virgin males. Neverthe-
less, as in most trials, only one male displayed courtship be-
havior, we could not establish a difference between active dis-
crimination by the female, and male passivity due to potential
hierarchical status. In Gromphadorhina portentosa (Blaberi-
dae), dominant males are able to inhibit other male behavior
resulting in dominance hierarchies with a wide range of ag-
gressive behaviors (Barth 1968; Breed et al. 1981; Clark and
Moore 1994; Clark 1998). Such social hierarchy has also been
described in N. cinerea: dominant males being more suscep-
tible to access virgin females than subordinate ones (Moore
et al. 2001). However, no such hierarchical system has been
yet described in S. nitor. Globally, virgin males were more
motivated than nonvirgin ones. This difference may either be
the result of a male mating strategy consisting in choosing to
invest more in mating with the first potential mate they en-
counter (“random mating strategy”; see Bonduriansky 2001)
or the physical incapacity of nonvirgin males to produce the
same level of courting displays. In sagebrush cricket species
Cyphoderris strepitans (Orthoptera: Haglidae), for example,
nonvirgin males were not able to generate the same calling
activity (used for attracting females) as virgin ones as a con-
sequence of energy depletion during copulation due to nu-
trient investment in mating (Sakaluk et al. 1987; Sakaluk and
Snedden 1990; Sakaluk and Ivy 1999). Both situations (mat-
ing strategy or energy depletion) would result in a higher
level of success for virgin males independently of female mate
preference. Moreover, previous studies on B. germanica have
shown that male mate choice also has a role in mate selection,
particularly for avoiding inbreeding in this mixed-family gre-
garious species (Lihoreau et al. 2008; Lihoreau and Rivault
2010). Thus, additional experiments investigating male mate
choice should be considered to understand its relative im-
portance in mating. Female mate preferences should also be
further analyzed because mate choice can be based on several
cues (Candolin 2003). In our study, we only discriminated
males based on their mating status, but other cues could
potentially be involved in female choice. We also observed
that females over 15 days old accepted less courtship effort
than their younger counterparts, which is similar to female
N. cinerea (Moore and Moore 2001). This result could hint at
a decrease of female choosiness (i.e., the effort that a female is
ready to invest in assessing mates; Jennions and Petrie 1997)
over time: costs associated with delaying reproduction could
exceed costs of testing different males, and consequently de-
crease choosiness.
Although S. nitor mate only once, like N. cinerea and
B. germanica, our experiments not only revealed that their
maturation delay was shorter than in these species, but also
that females accepted to mate soon after emergence at the
teneral stage.
Age of sexual maturity in males and females
Maturation delay: a particularity of S. nitor?
There was no maturation delay in females and less than
two days of delay in males contrary to both N. cinerea and
B. germanica (Moore and Moore 1988, 2001; Nojima et al.
1999a; Lihoreau and Rivault 2010). In S. nitor, gregarious-
ness increased during larval development and adults live
in groups in bird nests (Grandcolas 1993; van Baaren and
Deleporte 2001; van Baaren et al. 2002, 2007). Contrary to
B. germanica and N. cinerea which live in stable habitats (re-
spectively, man-made habitats and forest floor leaf litter in
Tanzania), the S. nitor habitat could be considered as being
less stable, reducing food availability, mating opportunities,
and/or survival. Unpredictable habitats constitute a strong
abiotic selective pressure which is known to have conse-
quences on different traits like behavior (Dubbert et al. 1998;
Goldberg et al. 2001) or reproduction (Va¨lima¨ki et al. 2006;
Perfito et al. 2007). In zebra finches, Taeniopygia guttata, indi-
viduals living in an arid habitat with aperiodic unpredictable
rainfalls maintain active reproductive systems contrary to
those living in a predictable habitat (Perfito et al. 2007). In
P. napi, females exhibit two strategies: they can either be mo-
nandrous (low mating rate, LMR) or polyandrous (high mat-
ing rates, HMR). Although HMR females have longer lifetime
fecundity overall, LMR females have higher fitness gains at
the beginning of their lifetime fecundity than HMR (Va¨lima¨ki
et al. 2006). Thus, if weather conditions changed rapidly LMR
females are favored. In S. nitor, sexual life-history traits and
surrounding physiological mechanisms could have been se-
lected to balance costs generated by habitat instability, par-
ticularly reduced adult survival which is balanced by earlier
reproduction attempts and faster development to reach ma-
turity (Stearns 1976, 1989, 2000; Gasser et al. 2000; Haugen
2000; Braby 2002; Hernaman and Munday 2005). Although
males observed a one-day delay before maturation whereas
females did not, they experienced shorter larval development
compensating for the adult maturation delay, thus making
them available at female imaginal molt. As highlighted by
Larsdotter Mellstro¨m et al. (2010), protandry is doubly ben-
eficial for males: in maximizing mating opportunities, but
also in allowing males to be mature at female emergence. In
S. nitor, protandry should be of particular interest due to the
fact that maturation delay in females is so reduced that they
can mate at teneral stage.
Females mating as teneral
In females, postemergence attractiveness has been previously
described in different species, due to female-like sex-appeal
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characteristic of exuvia products (Roth and Willis 1952; Schal
and Bell 1983; Goudey-Perrie`re 1987). Teneral mating in
cockroach species has been previously documented in two
species belonging to the Blaberidae family (Jagrehnia made-
cassa, Sreng 1993; Diploptera punctata, Roth and Willis 1955),
and one species belonging to the Blattidae family (Neosty-
lopyga rhombifolia, Roth and Willis 1956). However, few stud-
ies concerning mating systems in these species are available,
limiting potential comparisons with S. nitor. One noticeable
exception, however, concerned D. punctata which, contrary
to S. nitor, is viviparous. In this species, individuals produce
secretions from defensive glands which are empty at the time
of emergence. During the imaginal molt, females are dou-
bly vulnerable until the full sclerotization of their body, and
the replenishment of their defensive glands. Although males
in D. punctata display mate guarding to monopolize female
penultimate instar nymphs, as they benefit from this vul-
nerable stage (Schal et al. 1984), teneral mating also seems
to provide indirect male protection to females (Roth and
Willis 1955; Schal et al. 1984; Wyttenbach and Eisner 2001).
Monandry limits male opportunities for mating and strate-
gies enhancing probabilities of mating with virgin females
should be favored. In S. nitor, teneral females accept to mate
with males, produce broods (J. van Baaren, unpubl. data),
and males obtain mating with a nonreluctant, virgin female.
From the male point of view, such strategy suggests that they
are able to monopolize females in their penultimate instar.
Nevertheless, teneral mating also questions the implication
of female mate choice. Obviously, during the teneral stage,
they cannot avoid mating by flight. However, forced copu-
lation cannot be involved in cockroaches as female mount-
ing and feeding behavior are required for copulation (Roth
and Barth 1964), but males can lure females. Indeed, tergal
secretions have been shown to be constituted of several non-
volatile and volatile compounds (mainly oligosaccharides,
phospholipids, cholesterol, and various amino acids Nojima
et al. 1999a, b, 2002; Kugimiya et al. 2002, 2003a, b) which
act as a strong dietary supplement. That is why they have
been considered as a nuptial gift (nutrient transfer from male
to female during courtship behavior and/or copulation; see
Vahed 1998) even if this qualification could be questioned as
enhancement of male mating success is not always supported
(Mondet et al. 2008). Finally, teneral females could only be at-
tracted by the nutritional bait of tergal secretion compounds
and not directly by males. Thus, teneral mating could be the
result of either the female’s acceptance for mating or male
manipulation.
Conclusions and Perspectives
Like in N. cinerea and B. germanica, female S. nitor are mo-
nandrous and males polyandrous. In males, protandry is not
expressed through maturation delay but in the shorter lar-
val development leading them to be available when females
are sexually receptive at the teneral stage. Such reproductive
traits have probably been selected to face an unpredictable en-
vironment, which potentially limit opportunities for mating.
Teneral mating raises the existence of male mate guarding to
monopolize females in their penultimate instar but questions
the role of female. Altogether, our results indicate that mo-
nandry in S. nitor is the result of the short life-span fecundity
of females. Females in S. nitor appear to be a limited resource
for males, indicating that strong selective pressure must be
exercised on males. Several points should be investigated,
particularly concerning the fitness benefits of teneral mating
in males and females and the involvement of female choice
in such mating strategy. Although further work is required,
in our opinion, this species provides an interesting model
for understanding sexual conflicts. Thus, we are convinced of
the interest in continuing to study of the sexual behavior of
S. nitor.
Acknowledgments
We would like to thank UMR 6552 SDV (Universite´ Rennes
1, Rennes, France) for technical support, J. Moreau and
D. Thie´ry for their comments on the earlier version of the
manuscript, T. Donahue for his proofreading of our English,
and three anonymous referees for their helpful corrections.
References
Andersson, J., A.-K. Borg-Karlson, and C. Wiklund. 2000. Sexual
cooperation and conflict in butterflies: a male transferred
anti-aphrodisiac reduces harassment of recently mated
females. Proc. R. Soc. Lond. B 267:1271–1275.
Andersson, J., A.-K. Borg-Karlson, and C. Wiklund. 2003.
Antiaphrodisiacs in Pierid butterflies: a theme with variation!
J. Chem. Ecol. 29:1489–1499.
Andersson, J., A.-K. Borg-Karlson, and C. Wiklund. 2004. Sexual
conflict and anti-aphrodisiac titre in a polyandrous butterfly:
male ejaculate tailoring and absence of female control. Proc. R.
Soc. Lond. B 271:1765–1770.
Arnqvist, G., and T. Nilsson. 2000. The evolution of polyandry:
multiple mating and female fitness in insects. Anim. Behav.
60:145–164.
Arnqvist, G., and L. Rowe. 2005. Sexual conflict. Princeton Univ.
Press: Princeton, NJ.
Barth, R. H. 1964. The mating behaviour of Byrsotria fumigata
(Gue´rin) (Blattidae: Blaberinae). Behaviour 23:1–30.
Barth, R. H. 1968. The mating behaviour of Gromphadorhina
portentosa (Schaum) (Blattaria, Blaberoidea, Blaberidae,
Oxyhaloinae) an anomalous pattern for a cockroach. Psyche
75:124–131.
Bell, W. J., L. M. Roth, and C. A. Nalepa. 2007. Cockroaches:
ecology, behavior, and natural history. John Hopkins Univ.
Press, Baltimore, MD.
c© 2012 The Authors. Ecology and Evolution published by Blackwell Publishing Ltd. 1433
Female Teneral Mating K. Monceau & J. van Baaren
Bonduriansky, R. 2001. The evolution of male mate choice in
insects: a synthesis of ideas and evidence. Biol. Rev.
76:305–339.
Boomsma, J. J., and F. L. W. Ratnieks. 1996. Paternity in social
Hymenoptera. Phil. Trans. R. Soc. B: Biol. Sci. 351:947–975.
Braby, M. F. 2002. Life history strategies and habitat templets of
tropical butterflies in north-eastern Australia. Evol. Ecol.
16:399–413.
Breed, M. D., C. Meaney, D. Deuth, and W. J. Bell. 1981. Agonistic
interactions of two cockroach species, Gromphadorhina
portentosa and Supella longipalpa (Orthoptera (Dictyoptera):
Blaberidae, Blattellidae). J. Kansas Entomol. Soc. 54:197–
208.
Candolin, U. 2003. The use of multiple cues in mate choice. Biol.
Rev. 78:575–595.
Chapman, T., G. Arnqvist, J. Bangham, and L. Rowe. 2003. Sexual
conflict. Trends Ecol. Evol. 18:41–47.
Clark, D. C. 1998. Male mating success in the presence of a
conspecific opponent in a Madagascar hissing cockroach,
Gromphadorhina portentosa (Dictyoptera: Blaberidae).
Ethology 104:877–888.
Clark, D. C., and A. J. Moore. 1994. Social interactions and
aggression among male Madagascar hissing cockroaches
(Gromphadorhina portentosa) in groups (Dictyoptera:
Blaberidae). J. Insect Behav. 7:199–215.
Cochran, D. G. 1979. A genetic determination of insemination
frequency and sperm precedence in the German cockroach.
Entomol. Exp. Appl. 26:259–266.
Corley, M., and E. J. Fjerdingstad. 2011. Mating strategies of
queens in Lasius niger ants—is environment type important?
Behav. Ecol. Sociobiol. 65:889–897.
Cornwell, P. B. 1968. The Cockroach. A laboratory insect and an
industrial pest, Vol. 1. Hutchinson, London, U.K.
Crawley, M. J. 2007. The R book. John Wiley and Sons, Ltd.,
Chichester, U.K.
Deleporte, P. 1988. Etude e´co-e´thologique et e´volutive de P.
americana et d’autres blattes sociales. Ph.D. thesis, Universite´
de Rennes I, Rennes, France.
Dewsbury, D. A. 1982. Ejaculate cost and male choice. Am. Nat.
119:601–610.
Dubbert, M., T. Tscharntke, and S. Vidal. 1998. Stem-boring
insects of fragmented Calamagrostis habitats:
herbivore-parasitoid community structure and the
unpredictability of grass shoot abundance. Ecol. Entomol.
23:271–280.
El-Niweiri, M. A. A., and R. F. A. Moritz. 2011. Mating in the
rain? Climatic variance for polyandry in the honeybee (Apis
mellifera jemenitica). Popul. Ecol. 53:421–427.
Emlen, S. T., and L. W. Oring. 1977. Ecology, sexual selection,
and the evolution of mating systems. Science 197:215–
222.
Fox, C. W., and J. Moya-Laran˜o. 2009. Diet affects female mating
behaviour in a seed-feeding beetle. Physiol. Entomol.
34:370–378.
Gasser, M., M. Kaiser, D. Berrigan, and S. C. Stearns. 2000.
Life-history correlates of evolution under high and low adult
mortality. Evolution 54:1260–1272.
Gaston, K. J. 2000. Global patterns in biodiversity. Nature
405:20–227.
Gillies, M. T. 1956. A new character for the recognition of
nulliparous females of Anopheles gambiae. Bull. World Health
Organ. 15:451–459.
Goldberg, J. L., J. W. A. Grant, and L. Lefebvre. 2001. Effects of
the temporal predictability and spatial clumping of food on
the intensity of competitive aggression in the Zenaida dove.
Behav. Ecol. 12:490–495.
Goma, L. K. H. 1963. Tests for multiple insemination in
Anopheles gambiae Giles. Nature 197:99–100.
Goudey-Perrie`re, F. 1987. Socialite´, sexualite´ et reproduction
chez Blabera craniifer Burm. (Dictyopte`re, Blaberidae,
Blaberinae.) Ph.D. thesis, Universite´ Paris VI, Paris,
France.
Grandcolas, P. 1991. Descriptions de nouvelles Zetoborinae
guyanaises avec quelques remarques sur la sous-famille (Dict.
Blattaria Blaberidae). Bull. Soc. Entomol. Fr. 95:241–246.
Grandcolas, P. 1993. Habitats of solitary and gregarious species in
the neotropical Zetoborinae (Insecta, Blattaria). Stud.
Neotrop. Fauna Environ. 28:179–190.
Gwynne, D. T. 1990. Testing parental investment and the control
of sexual selection in katydids: the operational sex ratio. Am.
Nat. 136:474–484.
Harris, W. E., and P. J. Moore. 2005. Female mate preference and
sexual conflict: females prefer males that have had fewer
consorts. Am. Nat. 165:S64–S71.
Haugen, T. O. 2000. Growth and survival effects on maturation
pattern in populations of grayling with recent common
ancestors. Oikos 90:107–118.
Hernaman, V., and P. L. Munday. 2005. Life-history
characteristics of coral reef gobies. II. Mortality rate, mating
system and timing of maturation. Mar. Ecol. Prog. Ser.
290:223–237.
Hosken, D. J., and P. Stockley. 2003. Benefits of polyandry: a life
history perspective. BMC Evol. Biol. 33:173–194.
Hosken, D. J., P. Stockley, T. Tregenza, and N. Wedell. 2009.
Monogamy and the battle of the sexes. Annu. Rev. Entomol.
54:361–378.
Jayakumar, M., S. J. William, N. Raja, K. Elumalai, and A.
Jeyasankar. 2002. Mating behavior of a cockroach,
Neopolyphaga miniscula (Dictyoptera: Blaberoidea). J. Exp.
Zool. 5:101–106.
Jennions, M. D., and M. Petrie. 1997. Variation in mate choice: a
review of causes and consequences. Biol. Rev. 72:283–
327.
Jennions, M. D., and M. Petrie. 2000. Why do females mate
multiply? A review of the genetic benefits. Biol. Rev. 75:21–64.
Jones, T. M. 2001. A potential cost of monandry in the lekking
sandfly Lutzomyia Longipalpis. J. Insect Behav. 14:385–
398.
1434 c© 2012 The Authors. Ecology and Evolution published by Blackwell Publishing Ltd.
K. Monceau & J. van Baaren Female Teneral Mating
Kronauer, D. J. C., S. O’Donnell, J. J. Boomsma, and N. E. Pierce.
2011. Strict monandry in the ponerine army ant genus
Simopelta suggests that colony size and complexity drive
mating system evolution in social insects. Mol. Ecol.
20:420–428.
Kugimiya, S., R. Nishida, Y. Kuwahara, and M. Sakuma. 2002.
Phospholipid composition and pheromonal activity of nuptial
secretion of the male German cockroach, Blattella germanica.
Entomol. Exp. Appl. 104:337–334.
Kugimiya, S., R. Nishida, and Y. Kuwahara. 2003a. Comparison
of oligosaccharide compositions in male nuptial secretions of
three cockroach species of the genus Blattella. J. Chem. Ecol.
29:2183–2187.
Kugimiya, S., R. Nishida, M. Sakuma, and Y. Kuwahara. 2003b.
Nutritional phagostimulants function as male courtship
pheromone in the German cockroach, Blattella germanica.
Chemoecology 13:169–175.
Larsdotter Mellstro¨m, H., M. Friberg, A.-K. Borg-Karlson, R.
Murtazina, M. Palm, and C. Wiklund. 2010. Seasonal
polyphenism in life history traits: time costs of direct
development in a butterfly. Behav. Ecol. Sociobiol.
64:1377–1383.
Lihoreau, M., and C. Rivault. 2010. German cockroach males
maximize their inclusive fitness by avoiding mating with kin.
Anim. Behav. 80:303–309.
Lihoreau, M., C. Zimmer, and C. Rivault. 2008. Mutual mate
choice: when it pays both sexes to avoid inbreeding. PLoS ONE
3:e3365.
Livingstone, D., and R. Ramani. 1978. Studies on the
reproductive biology. Proc. Indian Acad. Sci. B 87:229–247.
Mahmood, F., and W. K. Reisen. 1980. Anopheles culicifacies: the
occurrence of multiple insemination under laboratory
conditions. Entomol. Exp. Appl. 27:69–76.
Mondet, C., D. Abed-Vieillard, P. Gautier, and J.-P. Farine. 2008.
Could male tergal secretions be considered as a nuptial gift in
the Madeira cockroach? Anim. Behav. 75:451–460.
Montrose, V. T., W. E. Harris, and P. J. Moore. 2004. Sexual
conflict and cooperation under naturally occurring male
enforced monogamy. J. Evol. Biol. 17:443–452.
Moore, A. J., and P. J. Moore. 1988. Female strategy during mate
choice: threshold assessment. Evolution 42:387–391.
Moore, P. J., and A. J. Moore. 2001. Reproductive aging and
mating: the ticking of the biological clock in female
cockroaches. Proc. Natl. Acad. Sci. USA 98:9171–9176.
Moore, A. J., P. A. Gowaty, W. G. Wallin, and P. J. Moore. 2001.
Sexual conflict and the evolution of female mate choice and
male social dominance. Proc. R. Soc. Lond. B 268:517–
523.
Moore, A. J., P. A. Gowaty, and P. J. Moore. 2003. Females avoid
manipulative males and live longer. J. Evol. Biol. 16:523–
530.
Morbey, Y. E., and R. C. Ydenberg. 2001. Protandrous arrival
timing to breeding areas: a review. Ecol. Lett. 4:663–
673.
Nojima, S., M. Sakuma, R. Nishida, and Y. Kuwahara. 1999a. A
glandular gift in the German cockroach, Blattella germanica
(L.) (Dictyoptera: Blattellidae): the courtship feeding of a
female on secretions from male tergal glands. J. Insect Behav.
12:627–640.
Nojima, S., R. Nishida, and Y. Kuwahara. 1999b. Nuptial feeding
stimulants: a male courtship pheromone of the German
cockroach, Blattella germanica (L.) (Dictyoptera: Blattellidae).
Naturwissenschaften 86:193–196.
Nojima, S., S. Kugimiya, R. Nishida, M. Sakuma, and Y.
Kuwahara. 2002. Oligosaccharide composition and
pheromonal activity of male tergal gland secretions of the
German cockroach, Blattella germanica (L.). J. Chem. Ecol.
28:1483–1494.
Nylin, S., and K. Gotthard. 1998. Plasticity in life history traits.
Annu. Rev. Entomol. 43:63–83.
Oliver, C., and C. Cordero. 2009. Multiple mating reduces male
survivorship but not ejaculate size in the polygamous insect
Stenomacra marginella (Heteroptera: Largidae). Evol. Ecol.
23:417–424.
Perfito, N., R. A. Zann, G. E. Bentley, and M. Hau. 2007.
Opportunism at work: habitat predictability affects
reproductive readiness in free-living zebra finches. Funct. Ecol.
21:391–301.
R Development Core Team. 2008. R: a language and environment
for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. ISBN 3-900051-07-0. Available
at: http://www.R-project.org
Reisen, W. K., B. G. Evans, and M. E. Bock. 1984. Reinsemination
of parous Culex tarsalis females. Mosq. News 44:580–582.
Rhainds, M. 2010. Female mating failures in insects. Entomol.
Exp. Appl. 136:211–226.
Ridley, M. 1993. Clutch size and mating frequency in parasitic
Hymenoptera. A. Nat. 142:893–910.
Ringo, J. 1996. Sexual receptivity in insects. Annu. Rev. Entomol.
41:473–494.
Roth, L. M. 1962. Hypersexual activity induced in females of the
cockroach Nauphoeta cinerea. Science 138:1267–1269.
Roth, L. M. 1964a. Control of reproduction in female
cockroaches with special reference to Nauphoeta cinerea. I.
First oviposition period. J. Insect Physiol. 10:915–945.
Roth, L. M. 1964b. Control of reproduction in female
cockroaches with special reference to Nauphoeta cinerea. II.
Gestation and postparturition. Psyche 71:198–244.
Roth, L. M. 1969. The evolution of male tergal glands in the
Blattaria. Ann. Entomol. Soc. Am. 62:176–208.
Roth, L. M. 1973. Brazilian cockroaches found in birds’ nests,
with description of new genera and species. Proc. Entomol.
Soc. Wash. 75:1–27.
Roth, L. M., and R. H. Barth. 1964. The control of sexual
receptivity in female cockroaches. J. Insect Physiol. 10:965–
975.
Roth, L. M., and E. R. Willis. 1952. A study of cockroach
behavior. Am. Midl. Nat. 47:66–129.
c© 2012 The Authors. Ecology and Evolution published by Blackwell Publishing Ltd. 1435
Female Teneral Mating K. Monceau & J. van Baaren
Roth, L. M., and E. R. Willis. 1954. The reproduction of
cockroaches. Smith. Misc. Coll. 122:1–49.
Roth, L. M., and E. R. Willis. 1955. Intra-uterine nutrition of the
“beetle-roach” Diploptera dytiscoides (Serv.) during
embryogenesis, with notes on its biology in the laboratory
(Blattaria: Diplopteridae). Psyche 62:55–68.
Roth, L. M., and E. R. Willis. 1956. Parthenogenesis in
cockroaches. Ann. Entomol. Soc. Am. 49:31–37.
Rowe, L., J. J. Krupa, and A. Sih. 1996. An experimental test of
condition-dependent mating behavior and habitat choice by
water striders in the wild. Behav. Ecol. 7:474–479.
Sakaluk, S. K., and T. M. Ivy. 1999. Virgin-male mating advantage
in sagebrush crickets: differential male competitiveness or
non-independent female mate choice? Behaviour
136:1335–1346.
Sakaluk, S. K., and W. A. Snedden. 1990. Nightly calling
durations of male sagebrush crickets, Cyphoderris strepitans:
size, mating, and seasonal effects. Oikos 57:153–160.
Sakaluk, S. K., G. K. Morris, and W. A. Snedden. 1987. Mating
and its effect on acoustic signaling behavior in a primitive
orthopteran, Cyphoderris strepitans (Haglidae): the cost of
feeding females. Behav. Ecol. Sociobiol. 21:173–178.
Schal, C., and W. J. Bell. 1983. Determinants of
dominant—subordinate interactions in males of the cockroach
Nauphoeta cinerea. Biol. Behav. 8:117–139.
Schal, C., J.-Y. Gautier, and W. J. Bell. 1984. Behavioural ecology
of cockroaches. Biol. Rev. 59:209–254.
South, S. H., and G. Arnqvist. 2008. Evidence of monandry in a
mosquito (Sabethes cyaneus) with elaborate ornaments in both
sexes. J. Insect Behav. 21:451–459.
Sreng, L. 1993. Cockroach mating behaviors, sex pheromones,
and abdominal glands (Dictyoptera: Blaberidae). J. Insect
Behav. 6:715–735.
Stearns, S. C. 1976. Life-history tactics: a review of the ideas.
Q. Rev. Biol. 51:3–47.
Stearns, S. C. 1989. Trade-offs in life-history evolution. Funct.
Ecol. 3:259–268.
Stearns, S. C. 2000. Life history evolution: successes, limitations,
and prospects. Naturwissenschaften 87:476–486.
Stockley, P. 1997. Sexual conflict resulting from adaptation to
sperm competition. Trends Ecol. Evol. 12:154–159.
Strassmann, J. 2001. The rarity of multiple mating by females in
the social Hymenoptera. Insectes Soc. 48:01–13.
Sva¨rd, L., and C. Wiklund. 1989. Mass and production rate of
ejaculates in relation to monandry/polyandry in butterflies.
Behav. Ecol. Sociobiol. 24:395–402.
Torres-Vila, L. M., M. C. Rodrı´guez-Molina, M. McMinn, and A.
Rodrı´guez-Molina. 2005. Larval food source promotes cyclic
seasonal variation in polyandry in the moth. Behav. Ecol.
16:114–122.
Vahed, K. 1998. The function of nuptial feeding in insects: a
review of empirical studies. Biol. Rev. 73:43–78.
Va¨lima¨ki, P., A. Kaitala, and H. Kokko. 2006. Temporal patterns
in reproduction may explain variation in mating frequencies in
the green-veined white butterfly Pieris napi. Behav. Ecol.
Sociobiol. 61:99–107.
van Baaren, J., and P. Deleporte. 2001. Comparison of
gregariousness in larvae and adults of four species of
zetoborine cockroaches. Entomol. Exp. Appl. 99:113–119.
van Baaren, J., P. Deleporte, and P. Grandcolas. 2002.
Cockroaches in French Guiana Icteridae birds nests.
Amazoniana 17:243–248.
van Baaren, J., P. Deleporte, A. Vimard, V. Biquand, and J.-S.
Pierre. 2007. Weakly aggressive behaviour towards nymphs in
the cockroach Schultesia nitor (Blattaria: Zetoborinae).
Aggressive Behav. 33:498–507.
Wedell, N. 1992. Protandry and mate assessment in the Wartbiter
Decticus verrucivorus (Orthoptera: Tettigoniidae). Behav. Ecol.
Sociobiol. 31:301–308.
Wedell, N., M. J. G. Gage, and G. A. Parker. 2002a. Sperm
competition, male prudence and sperm-limited females.
Trends Ecol. Evol. 17:313–320.
Wedell, N., C. Wiklund, and P. A. Cook. 2002b. Monandry and
polyandry as alternative lifestyles: the maintenance of heritable
variation in female mating frequency. Behav. Ecol. 13:
450–455.
Wedell, N., C. Kvarnemo, C. M. Lessells, and T. Tregenza. 2006.
Sexual conflict and life histories. Anim. Behav. 71:999–
1011.
Wiklund, C., B. Karlsson, and O. Leimar. 2001. Sexual conflict
and cooperation in butterfly reproduction: a comparative
study of polyandry and female fitness. Proc. R. Soc. Lond. B
268:1661–1667.
Wileyto, E. P., G. M. Boush, and L. M. Gawin. 1984. Function of
cockroach (Orthoptera: Blattidae) aggregation behavior.
Environ. Entomol. 13:1557–1560.
Wyttenbach, R., and T. Eisner. 2001. Use of defensive glands
during mating a cockroach (Diploptera punctata).
Chemoecology 11:25–28.
Yasui, Y. 1998. The ‘genetic benefits’ of female multiple mating
reconsidered. Trends Ecol. Evol. 13:246–250.
Yuval, B., and G. N. Fritz. 1994. Multiple mating in female
mosquitoes—evidence from a field population of Anopheles
freeborni (Diptera: Culicidae). Bull. Entomol. Res. 84:137–140.
Zeh, J. A., and D. W. Zeh. 2001. Reproductive mode and the
genetic benefits of polyandry. Anim. Behav. 61:1051–
1063.
Zonneveld, C., and J. A. J. Metz. 1991. Models on butterfly
protandry: virgin females are at risk to die. Theor. Popul. Biol.
40:308–321.
1436 c© 2012 The Authors. Ecology and Evolution published by Blackwell Publishing Ltd.
